Early human immunodeficiency virus type 1 (HIV-1) infection is a transient symptomatic illness that is characterized by extremely high viral loads (27) . This high-level viremia typically declines dramatically once a virus-specific CD8 ϩ T-cell-mediated immune response is mounted. Evidence for a strong antiviral activity of HIV-1-specific CD8 ϩ T cells during early infection is based on at least three distinct observations: (i) the temporal coincidence between the first emergence of HIV-1-specific CD8 ϩ T cells in the peripheral blood and the resolution of the acute retroviral syndrome (10, 32) , (ii) the rapid selection of viral escape mutations in targeted CD8 ϩ T-cell epitopes (25, 42, 47) , and (iii) the dramatically accelerated simian immunodeficiency virus (SIV) disease progression that is noted to occur in rhesus macaques following the artificial depletion of CD8 ϩ cells (51) . Early HIV-1 infection therefore offers a unique opportunity to analyze correlates of protective immunity mediated by HIV-1-specific CD8 ϩ T cells. In previous studies, it was shown that the total magnitude of HIV-1-specific CD8 ϩ T cells in acute infection, as determined by gamma interferon (IFN-␥) secretion assays or tetramer binding studies, is relatively low and directed against a narrow repertoire of viral epitopes (6, 17, 58) , which are typically structured in a clear hierarchical order (60) . In contrast, progressive viremia in chronic infection usually occurs in the presence of strong and broadly diversified IFN-␥-secreting HIV-1-specific CD8 ϩ T cells (1, 8, 21, 22) , which are only infrequently associated with viral sequence diversification (31) , suggesting limited immune pressure mediated by these responses. These data imply that HIV-1-specific CD8 ϩ T cells in acute and chronic infections differ in their abilities to contain viral replication, the reasons for which still remain largely unclear.
Recent studies have shown that HIV-1-specific CD8 ϩ T cells in early infection have strong ex vivo proliferative activities, while this effector function appears to be selectively lost during the subsequent disease process in the presence of high-level viremia (36) . This loss of ex vivo proliferative activity appeared to be at least partially related to the simultaneous loss of interleukin-2 (IL-2)-producing HIV-1-specific CD4 ϩ T helper cells (24, 59 ) but might not necessarily reflect an intrinsic functional deficiency of HIV-1-specific CD8 ϩ T cells themselves. Understanding intrinsic differences between HIV-1-specific CD8 ϩ T cells in acute and chronic HIV-1 infections therefore remains crucial for the ultimate definition of CD8 ϩ T-cell-mediated protective immunity against HIV-1.
In the present study, we comparatively analyzed HIV-1-specific CD8 ϩ T cells in early and chronic infections, using serial dilutions of antigenic peptides for peripheral blood mononuclear cell (PBMC) stimulation and four different functional readouts to quantify responding CD8 ϩ T cells. Our data show that HIV-1-specific CD8 ϩ T cells in early infection have a higher functional avidity than those in chronic infection and a clonotypic composition that is different from those in chronic HIV-1 infection. The selective depletion of high-avidity HIV-1-specific CD8 ϩ T cells during the transition to chronic progressive HIV-1 infection may contribute to the ultimate inability to immunologically contain viral replication.
HIV-1-specific CD8
ϩ T-cell responses was calculated by summing up the responses to the individual peptide pools following background subtraction.
Tetramer dissociation assays. Overall avidity of epitope-specific CD8 ϩ T cells was analyzed using tetramer dissociation assays according to a recently published protocol (57) . PBMCs suspended in staining buffer (PBS containing 2% bovine serum albumin and 0.2% sodium azide) were stained with PE-or APC-labeled tetramers (Beckman Coulter) refolded with epitopic HIV-1 peptides and FITClabeled CD8 antibodies (BD Biosciences) for 45 min at room temperature and then washed three times with staining buffer. To observe the dissociation of the tetramer, cells were resuspended in staining buffer with unlabeled tetramer at a 100-fold surplus concentration. At selected time points, ϳ0.5 ϫ 10 6 cells were withdrawn and fixed in 150 l 2% paraformaldehyde-PBS. Cells were then analyzed on a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA). The MHC class I tetramer dissociation analysis was based on the total fluorescence of the tetramer-positive population (50) . Briefly, the total fluorescence of the gated CD8
ϩ MHC class I tetramer-positive population was calculated and normalized per gated lymphocyte. This total antigen-specific fluorescence of the CD8 ϩ tetramer-positive cell population was then normalized to the total fluorescence at the initial time point, and the graphs were plotted on a logarithmic scale.
Sorting of tetramer-positive HIV-1-specific CD8 ؉ T-cell populations. Fresh or frozen PBMC samples were stained with APC-or PE-labeled MHC class I tetramers refolded with epitopic HIV-1 peptides (Beckman Coulter) and fluorophore-labeled CD8 ϩ antibodies, followed by decontamination with fixation solution A (1:100 dilution; Caltag). Tetramer-positive CD8 ϩ cells were then sorted on a fluorescence-activated Aria cell-sorting instrument (BD Biosciences) at 70 lb/in 2 . Electronic compensation was performed with antibody capture beads (BD Biosciences) stained separately with individual antibodies used in the test samples. The purity of sorted cell populations was consistently higher than 98%.
TCR ␤ chain sequencing. mRNA was extracted from at least 4,000 tetramerspecific CD8 ϩ T cells by use of an RNeasy mini kit (QIAGEN, Valencia, CA). Anchored reverse transcriptase PCR (RT-PCR) was then performed using a modified version of the SMART (switching mechanism at 5Ј end of RNA transcript) procedure and a TCR ␤ chain constant region 3Ј primer to obtain PCR products containing the V␤ chain in addition to the CDR3 region, the J␤ region, and the beginning of the C␤ region (20) . Briefly, reverse transcription was carried out at 42°C for 90 min with primers provided for the 5Ј rapid amplification of cDNA end reaction in a SMART-RACE PCR kit (BD Biosciences). First-and second-round PCRs were then performed using universal 5Ј-end primers (BD Biosciences) and nested gene-specific 3Ј-end primers annealing to the constant region of the TCR ␤ chain (C␤ outer, 5Ј-TGTGGCCAGGCACA CCAGTGTGGCC-3Ј; C␤ inner, 5Ј-GGTGTGGGAGATCTCTGCTTCTGA-3Ј). PCR conditions were as follows: for the first run, 95°C for 30 s and 72°C for 2 min (for five cycles), 95°C for 30 s, 70°C for 30 s, and 72°C for 2 min (for five cycles), and 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min (for 25 cycles); for the second run, 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min (for 30 cycles). The PCR product was ligated into the TOPO TA cloning vector (Invitrogen, Carlsbad, CA) and used to transform Escherichia coli (Mach 1; Invitrogen). At least 40 colonies were selected, amplified by PCR with M13 primers, and sequenced by T7 or T3 primers on an ABI 3100 PRISM automated sequencer. Sequences were edited and aligned using Sequencher (Gene Codes Corp., Ann Arbor, MI) and Se-Al (University of Oxford, Oxford, United Kingdom) and compared to sequences in the human TCR gene database (http://imgt.cines .fr:8104/home.html). The TCR clonotype composition remained consistent in repeated RT-PCR procedures using the same mRNA sample. The TCR V␤ chain classification system of the international ImMunoGeneTics database (IMGT) (35) is used throughout the entire paper.
Sequencing of autologous virus. Nested PCR for gag, RT, and nef on proviral DNA or plasma viral RNA was performed as previously described (5) . PCR fragments were population sequenced to identify regions of sequence variation. All fragments were sequenced bidirectionally on an ABI 3100 PRISM automated sequencer. If the height of the secondary peak at a given residue in the chromatogram was reproducibly more than 25% of the dominant peak, a mixed base was considered present at that position. Sequencher (Gene Codes Corp., Ann Arbor, MI) and MacVector 4.1 (Oxford Molecular) were used to edit and align sequences. Statistics. Data are expressed as means and standard deviations or medians and ranges, respectively. Generation of dose-response curves and tetramer dissociation curves, including calculations of 50% effective concentration levels and dissociation rate constants (K off ), was performed using the Prism software package (version 2.1; GraphPad Software Corporation, San Diego, CA). Data sets were tested for normality distribution using the Shapiro-Wilks W test. In case of normal distributions, statistical hypotheses were tested using paired or unpaired Student t tests; otherwise, the Wilcoxon matched-pair test or the Mann-Whitney U test was used. A P value of Ͻ0.05 was considered significant.
RESULTS

Total magnitude of cytokine-secreting and degranulating HIV-1-specific CD8
؉ T cells in early and chronic HIV-1 infections. In prior studies, the magnitude of HIV-1-specific CD8 ϩ T cells in early and chronic infections has been analyzed using IFN-␥ enzyme-linked immunospot assays (6, 13, 33, 37) or more recently by carboxyfluoroscein succinimidyl ester-based proliferation assays (36) . Yet, HIV-1-specific CD8 ϩ T cells can also exert antiviral activities by secreting a variety of additional cytokines or by releasing cytotoxic enzymes (7, 9) . Here, we compared the total magnitudes of HIV-1-specific CD8 ϩ T cells in early and chronic HIV-1 infections, using four different functional readouts, including the antigen-specific secretion of IFN-␥, TNF-␣, and MIP-1␤ as well as the antigen-dependent degranulation, measured by surface expression of CD107a/b. These different effector functions were analyzed by multiparameter flow cytometry following stimulation of PBMC samples with excess concentrations of overlapping HIV-1 peptides corresponding to all expressed HIV-1 gene products.
In line with previous results (6, 17, 33, 37) , the total magnitude of IFN-␥-secreting HIV-1-specific CD8 ϩ T cells was substantially weaker during early HIV-1 infection than during chronic infection (Fig. 1) . Importantly, a smaller magnitude of HIV-1-specific CD8 ϩ T cells was also observed in early infec- tion, when HIV-1-specific CD8 ϩ T cells were quantified by flow cytometry according to secretion of TNF-␣ or MIP-1␤ or surface expression of CD107a/b. In addition, the hierarchies of these different effector functions were similar in early and chronic infections (MIP-1␤ Ͼ CD107 Ͼ IFN-␥ Ͼ TNF-␣). Overall, these data show that for a variety of different functional readouts, the total magnitude of HIV-1-specific CD8 ϩ T cells is consistently lower during early HIV-1 infection than during chronic HIV-1 infection.
Higher functional avidity of HIV-1-specific CD8 ؉ T cells during early HIV-1 infection. In the above-described experiments, HIV-1-specific CD8 ϩ T cells were analyzed following stimulation with excess concentrations of antigenic peptides; however, this approach did not allow us to discern differences between the functional avidities of these cells, defined as the antigen concentration eliciting 50% of the maximal functional response. To address this, we focused on 10 individuals who were identified as having early HIV-1 infection and then longitudinally monitored them over the ensuing disease course. Five of these study persons were treated with highly active antiretroviral therapy during early infection and subsequently exposed to a number of STIs (28) . The other five study individuals had never received antiretroviral therapy since early infection and exhibited either high-level viremia (Ͼ100,000 copies/ml in three persons) or low-level viremia (Ͻ6,000 HIV-1 copies/ml in two persons). The demographic, immunogenetic, and clinical characteristics of the study subjects are summarized in Table 2 . In these study persons, the functional avidity of the earliest detectable immunodominant HIV-1-specific CD8 ϩ T-cell response was analyzed by stimulating PBMCs with the epitopic peptide in serial, 10-fold dilutions, again using the above-mentioned four different functional readouts in a multiparameter flow cytometric assay. In addition, we longitudinally assessed the functional avidity of these responses during the subsequent disease process (median, 237.5 days off therapy; range, 27 to 765 days off therapy following the baseline assessment). Importantly, none of the targeted epitopes exhibited evidence for viral sequence changes during the time of observation, as determined by population sequencing of the autologous viruses (Table 4) .
Experimental results for subject AC-15 are depicted in Fig.  2A and B. In this intraindividual analysis, the B8-FL8 peptide concentration eliciting 50% of the maximal IFN-␥ response was 0.004 g/ml during the initial assessment and 0.026 g/ml during chronic infection, thus indicating a substantial avidity change between the initially mounted CD8 ϩ T-cell response and the same epitope-specific response in the same study individual during chronic infection. A similar difference between the functional avidities of IFN-␥-secreting HIV-1-specific CD8 ϩ T cells during early and chronic infections was observed in the other study subjects undergoing STIs (Fig. 2B ) or experiencing high-level viremia in the absence of antiretroviral therapy (Fig. 2C) . Interestingly, the difference between the functional avidities of IFN-␥-secreting HIV-1-specific CD8 ϩ T cells during early and chronic infections was lowest in the two study individuals who, in the background of the protective HLA class I alleles HLA-B57 or -B27, spontaneously controlled HIV-1 viremia after early infection to levels below 6,000 copies/ml (Fig. 2D) . Overall, in the 10 subjects who were studied, the functional avidity of HIV-1-specific CD8 ϩ T cells for secretion of IFN-␥ and MIP-1␤ and antigen-specific degranulation (CD107a/b expression) was significantly higher at the time of early infection than at the time of chronic infection (Fig. 2E ). There was also a trend for a higher functional avidity of TNF-␣-secreting CD8 ϩ T cells during early infection than during chronic infection (Fig. 2E) ; however, antigen-specific TNF-␣ secretion below the level of detection by flow cytometry precluded this analysis in study persons AC-131, AC-177, AC-132, AC-160, and AC-121. Importantly, for all CD8 ϩ T-cell effector functions tested, the smallest difference between the functional avidities during early and chronic infections was observed in the two study individuals spontaneously achieving low-level viremia after early infection (Fig. 2E) . Taken together, these results show in intraindividual comparisons that HIV-1-specific CD8 ϩ T cells emerging during early infection have a higher functional avidity than those CD8 ϩ T cells targeting the same viral epitope in progressive chronic infection.
Slower tetramer dissociation rate of HIV-1-specific CD8 ؉ T cells in early infection than in chronic infection. The higher functional avidity of HIV-1-specific CD8 ϩ T cells in early HIV-1 infection might reflect a higher overall avidity of the TCR/peptide-MHC class I interaction in early infection, which can be analyzed using a tetramer drop-off assay (50) . Figure 3 shows the tetramer dissociation curves for all 10 study individuals. In study subjects undergoing STIs (Fig. 3A) or maintaining high-level viremia in the absence of antiretroviral therapy (Fig. 3B) , we consistently observed a slower dissociation of the tetramer (lower K off ) in early infection than in chronic infection. Corresponding to the functional avidity data described above, the difference between tetramer dissociation rates in early and chronic infections was least pronounced in the two HLA-B57-or -B27-expressing individuals achieving spontaneous low-level viral loads following early infection (Fig. 3C) . Overall, the difference between the tetramer dissociation rate constants during early and chronic infections in the 10 study individuals was statistically significant (Fig. 3D) . Thus, in intraindividual comparisons, these results indicate a significantly higher avidity of the TCR/peptide-MHC interaction of HIV-1-specific CD8 ϩ T cells recruited in early infection than that for chronic progressive infection, while a substantially smaller degree of avidity changes was observed for persons achieving control of viral replication at low levels following early infection. Evolution of the TCR clonotype repertoire between early and chronic HIV-1 infections. To determine if the observed avidity differences between HIV-1-specific CD8 ϩ T cells in early and chronic infections corresponded to changes in their clonal compositions, we next conducted a longitudinal analysis of the clonotypic repertoire of the respective HIV-1-specific CD8 ϩ T-cell populations. In order to overcome the limitations of previously described (40) V␤ chain-specific immunostaining for the clonotypic assessment of HIV-1-specific CD8 ϩ T cells, we determined the clonotypic composition by TCR ␤ chain sequencing using a PCR amplification technique without bias for selected TCR V␤ chains to ensure that epitope-specific clonotypes were represented in the PCR product with a relative frequency reflecting that in the originally sorted cell population (47) . Figure 4 and Table 3 summarize the clonotypic TCR repertoires of the epitope-specific CD8 ϩ T-cell populations analyzed during early and chronic HIV-1 infections in the 10 study subjects. In the study subjects exposed to STIs (Fig.  4A) , the dominant CD8 ϩ T-cell clonotypes recruited during early infection were subsequently either deleted and replaced by alternative clonotypes (AC-02, AC-14, and AC-09) or preserved but substantially reduced in their overall contribution to the clonotypic repertoire (AC-15). In study individual AC-46, one codominant clonotype detected during early infection persisted until chronic infection, while the other codominant clonotypes were eliminated after early infection. In addition, we observed with these individuals that clonotypes which were rare or hardly detectable during early infection became dominant during chronic infection (AC-46 and AC-09). In untreated study individuals with continuous high-level viremia (Fig. 4B) , either the original clonotypic composition entirely changed (AC-131) or the dominance of initially recruited clonotypes was subsequently reduced due to the expansion of subdominant clonotypes that were completely (AC-177) or almost completely (AC-132) undetectable during the first assessment. Moreover, in study subjects AC-177 and AC-132, clonotype preservation after early infection was not related to clonal persistence but resulted from a considerable underlying switch in the composition of nucleotypes coding for identical CDR3 amino acid sequences (Table 3) , as previously observed in the context of TCRs specific for an immunodominant influenza virus epitope (30) . Finally, in line with our previous data on CD8
ϩ T-cell avidity in the two HLA-B57-or -B27-positive study individuals achieving spontaneous control of viremia at low levels, the initially recruited clonotypic repertoire remained fairly consistent after early infection in these two study persons, with a preservation of three (AC-160) or four (AC-121) clonotypes (Fig. 4C) , on the level of both the amino acid and the nucleic acid CDR3 sequences (Table 3) . Overall, these data indicate a substantial switch of the TCR clonotype rep- ertoire after early HIV-1 infection in individuals experiencing high viral set points, while control of viral replication at low levels after early infection was associated with a largely conserved pattern of the originally recruited clonotypic TCR repertoire. Selective loss of high-avidity HIV-1-specific CD8 ؉ T cells after early infection. We next explored the potential mechanisms accounting for the selective loss or persistence of specific CD8 ϩ T-cell clones after early infection. In three of our study subjects, we had the opportunity for a direct flow cytometric comparison of the avidity of HIV-1-specific CD8 ϩ T-cell clonotypes persisting or disappearing after early infection, using tetramer dissociation assays in conjunction with TCR V␤ chain-specific antibodies. In study subject AC-46, we compared the B8-FL8-specific CD8 ϩ T-cell clonotypes using V␤9 (6.5% of all clonotypes in early infection and 0% of clonotypes in chronic infection) or V␤20.1 (25% of all clonotypes in early infection and 31.6% of clonotypes in chronic infection); in study individual AC-09, we compared the A2-IV9-specific CD8 ϩ T-cell clonotypes using V␤20.1 (38% of clonotypes in early infection and 0% of clonotypes in chronic infection) or V␤10.3 (7.6% of clonotypes in early infection and 62% in chronic infection); and in study person AC-14, we analyzed the B8-FL8-specific clonotypes using V␤27 (42.5% of all clonotypes in early infection and 0% in chronic infection) or V␤28 (7.9% of all clonotypes in early infection and 5.8% in chronic infection) ( Table 3 ). The individual contributions of these clonotypes to the overall magnitude of epitope-specific CD8 ϩ T cells during early infection, as determined by TCR sequencing, closely matched the proportions of tetramer-positive CD8 ϩ T cells determined by using the corresponding TCR V␤ chains, as measured by flow cytometry in cell samples collected from the same time point (Fig. 5A) . Using tetramer dissociation assays, we found that in each of these three study persons the above-mentioned clonotypes persisting after early infection had a lower avidity than did the corresponding clonotypes being deleted after early infection (Fig. 5B ). These results demonstrate that high-avidity CD8 ϩ T-cell clonotypes generated during early infection were preferentially lost in chronic infection, while CD8 ϩ T-cell clonotypes with intermediate or lower TCR avidity persisted.
We subsequently assessed whether these high-avidity epitopespecific CD8
ϩ T-cell clones differed from the persisting loweravidity clones in activation status and expression of the receptor for IL-7, a cytokine that has recently been identified to be responsible for the maintenance of CD8
ϩ T cells and their transformation into memory cells (26) . Interestingly, in these three study subjects, the epitope-specific CD8 ϩ T-cell clonotypes that were lost in chronic infection had a lower surface expression of the IL-7 receptor ␣ chain (CD127), a higher expression of the activation marker CD38 (16) , and a higher intracellular expression of the proliferation-associated antigen Ki-67 (Fig. 5C ) during early infection. Taken together, these data show that during early HIV-1 infection, clonal subsets of HIV-1-specific CD8 ϩ T cells with higher avidity are more strongly activated and less likely to persist during the subsequent disease process.
DISCUSSION
A striking feature of the natural HIV-1 disease process is the dramatic decline of HIV-1 viremia during early HIV-1 infection. A number of observations suggest that this decrease of viral replication is mediated by HIV-1-specific CD8 ϩ T cells; however, the precise characteristics of these cells accounting for their apparent antiviral activities are still unknown. Here, we conducted a detailed analysis of the functional properties of HIV-1-specific CD8 ϩ T-cell responses during early and chronic HIV-1 infections, using both cross-sectional and longitudinal study designs as well as assays to evaluate the avidities and the clonotypic compositions of HIV-1-specific CD8 ϩ T-cell populations.
Our results indicate that HIV-1-specific CD8 ϩ T cells in early infection, despite being lower in magnitude than those in chronic infection, have a higher avidity by multiple functional readouts, which was associated with a slower tetramer dissociation rate. In addition, the reduced avidity of CD8 ϩ T cells in chronic infection was linked to a substantial switch in the clonotypic composition of epitope-specific CD8 ϩ T cells compared to those in early infection. Interestingly, the avidity and clonotypes of HIV-1-specific CD8 ϩ T cells were largely preserved after early infection in individuals who spontaneously controlled HIV-1 replication at low-level viral set points, suggesting an association between the conservation of the originally recruited pattern of HIV-1-specific CD8 ϩ T cell clono- types and the degree of spontaneous viral control. Finally, our data indicate on the level of the CD8 ϩ T-cell clonotype that high-avidity epitope-specific CD8 ϩ T-cell populations lost after early infection have higher degrees of activation than lower-avidity CD8 ϩ T-cell clonotypes specific for the same epitope that persist after early infection. These data suggest that high-avidity HIV-1-specific CD8 ϩ T-cell clones recruited during early infection are more prone to clonal deletion, thus contributing to a defective memory response in chronic infection.
Previous studies have mainly relied on IFN-␥ secretion to characterize and enumerate HIV-1-specific CD8 ϩ T cells during early HIV-1 infection (6, 13, 14, 17, 43) . In addition to the identification of preferential viral targets (13, 37) , these studies indicated a substantially smaller magnitude and breadth of HIV-1-specific CD8 ϩ T cells in early infection than in chronic infection but did not allow for quantification of subsets of HIV-1-specific CD8 ϩ T cells with alternative functional activities. Assessing a combination of different functional readouts, our data indicate that in addition to IFN-␥-secreting HIV-1-specific CD8
ϩ T cells, the total magnitude of HIV-1-specific CD8 ϩ T cells with antigen-specific secretion of TNF-␣ or MIP-1␤ or expression of CD107a/b is also lower in early infection than in chronic infection. Moreover, the hierarchy of effector functions during early infection was similar to that seen in chronic infection and closely resembled the functional pattern of CD8 ϩ T cells observed during chronic HIV-1 infection by other investigators (9a). Overall, these data indicate that quantitative characteristics of HIV-1-specific CD8 ϩ T cells and the specificities of their cytokine secretion profiles are unlikely to account for the significant decline of HIV-1 viremia during early HIV-1 infection.
In this study, we observed a preferential recruitment of HIV-1-specific CD8 ϩ T cells with high functional avidities and slow tetramer dissociation rates during early infection. The dominance of high-avidity CD8 ϩ T-cell responses in early HIV-1 infection may be related to the fact that these CD8 ϩ T cells can sense their HIV-1 cognate epitopes at the first stage of systemic antigenemia, providing these high-avidity clones with a kinetic selection advantage over CD8 ϩ T-cell clones with lower avidity (29) . Furthermore, data from in vivo studies with animal models suggested that the functional avidity of CD8 ϩ T cells is linked to their antiviral activity (19, 52, 54) . For instance, the adoptive transfer of high-avidity lymphocytic choriomeningitis virus-specific CD8 ϩ T cells resulted in complete clearance of the infection, while viral persistence was noticed following transfer of low-avidity CD8 ϩ T cells (3, 23) . In addition, high-avidity SIV-specific CD8 ϩ T cells preferentially selected for viral escape mutations during early SIV infection in epitopes targeted by high-avidity SIV-specific CD8 ϩ T cells (42, 56) . The fact that no viral epitope diversification within tested cytotoxic-T-lymphocyte epitopes occurred in our study subjects most likely reflects structural constraints that make it difficult for the virus to escape rapidly at these positions. However, in many of our study persons, viral sequence diversification consistent with escape mutations was detected within the respective epitopes at a later time point (after the time points chosen for our analysis) (data not shown). Overall, these data suggest that high-avidity HIV-1-specific CD8 ϩ T cells recruited during early infection might significantly contribute to the dramatic decline of HIV-1 viremia during early infection.
In order to analyze the fate of these high-avidity HIV-1-specific CD8 ϩ T-cell responses primed during early infection, we performed a longitudinal analysis of the clonotypic compositions of epitope-specific CD8 ϩ T-cell populations in early and chronic infections. These studies indicated a considerable switch of the clonotypic repertoire of HIV-1-specific CD8 ϩ T cells between early and chronic infections, although the persistence of individual clonotypes was observed in 8 out of 10 study subjects analyzed, and we cannot exclude low-frequency persistence of some of the initially recruited clonotypes below the level of detection. Thus, our data suggest that the observed alterations of epitope-specific CD8 ϩ T-cell avidity between early and chronic infections were at least partially due to the elimination of high-avidity CD8 ϩ T-cell clones initially recruited during early infection and their subsequent replacement by CD8 ϩ T-cell clones with lower avidity, although changes in the TCR signaling cascade between early and chronic HIV-1 infections might also have contributed (53) . In the presence of high viral loads, this loss of high-avidity CD8 ϩ T cells can apparently occur rapidly after early infection, as in study subject AC-132, in whom a substantial decrease of HIV-1-specific CD8 ϩ T-cell avidity, together with a prominent alteration of the TCR clonotype pattern, was observed within 27 days after the initial assessment. Moreover, in the study subjects undergoing STIs, brief exposures to high viral loads during off-therapy periods seemed to be sufficient to lead to a considerably lower HIV-1-specific CD8 ϩ T-cell avidity. Thus, our data indicate that the previously described fluctuations of the clonotypic repertoire of HIV-1-specific CD8 ϩ T cells (40) can be prominently shaped by their antigenic avidity, as was recently suggested for the clonotypic repertoire of EpsteinBarr virus-specific CD8 ϩ T cells (18, 46) . Moreover, our results show that the previously reported loss of certain HIV-1-specific (45, 55) or SIV-specific (47) CD8 ϩ T-cell clones after early infection can be associated with significant changes in functional avidity. However, our experiments were performed only with HIV-1-specific CD8 ϩ T-cell populations recognizing immunodominant epitopes, and it is quite possible that differ-HIV-1 infection in HIV-1-specific clonotypes persisting or disappearing after early infection. Dotted lines correspond to HIV-1-specific CD8 ϩ T-cell clones eliminated after early infection, and solid lines correspond to CD8 ϩ T-cell clones persisting after acute HIV-1 infection. Scattered lines indicated background staining intensity (no antibodies). In study subject AC-46, B8-FL8-specific CD8 ϩ T cells were analyzed using V␤9 (6.5% of all clonotypes in early infection and 0% of clonotypes in chronic infection) and compared to those analyzed using V␤20.1 (25% of all clonotypes in early infection and 31.6% of clonotypes in chronic infection). In study individual AC-09, A2-IV9-specific CD8 ϩ T-cell clonotypes were analyzed using V␤20.1 (38% of clonotypes in early infection and 0% of clonotypes in chronic infection) and compared to those analyzed using V␤10.3 (7.6% of clonotypes in early infection and 62% in chronic infection). In study person AC-14, we analyzed the B8-FL8-specific clonotypes using V␤27 (42.5% of all clonotypes in early infection and 0% in chronic infection) or V␤28 (7.9% of all clonotypes in early infection and 5.8% in chronic infection) (Table 3) . MFI, mean fluorescence intensity. ϩ T-cell clones that were no longer detectable after early infection exhibited higher degrees of activation, while the persisting clones with lower avidity had a lower degree of activation, measured by CD38 and Ki-67 expression ex vivo. Thus, persistence or elimination of initially recruited CD8 ϩ T cells, at least under conditions of chronic antigenic stimulation, appears to be linked to the degree of cellular activation, which seems to depend on functional avidity of the lymphocyte. This view is supported by previous studies with animal models of lymphocytic choriomeningitis virus-infected mice. In these studies, it was shown that high-dose viral infection not only led to an almost complete switch in the clonotypic repertoire of epitopespecific T cells between acute and chronic infections (38) but also resulted in the emergence of dominating T cells with intermediate-to low-avidity TCRs in chronic infection (48) . One mechanism potentially accounting for the preferential deletion of high-avidity CD8 ϩ T cells in the presence of highlevel antigenemia could be their increased sensitivity to induction of apoptosis by high levels of peptide-MHC complexes, through a mechanism involving induction of TNF-␣ and TNF-␣ receptor II (2, 4). In contrast, in different animal models of chronic viral or bacterial infections, low-dose antigenic challenge was associated with a more stable clonotypic TCR pattern and the ultimate evolution of dominant T cells with high-avidity TCRs (12, 50) . Our data support a similar model in which extremely high HIV-1 loads during early HIV-1 infection lead to the overactivation and subsequent depletion of high-avidity HIV-1-specific CD8 ϩ T cells. This appears to result in a domination of intermediate-to low-avidity CD8 ϩ T cells in chronic infection, because T cells, unlike B lymphocytes, cannot take advantage of the mechanism of somatic mutation to create new cells with higher avidity receptors during the longitudinal course of an immune response. In contrast, in the two study subjects who spontaneously achieved a lowlevel set point viremia in the absence of STI, we observed an almost undetectable difference in receptor avidity between early and chronic infections, together with substantial persistence (yet differential contributions) of recruited CD8 ϩ T-cell clonotypes, suggesting that the persistence of HIV-1-specific CD8 ϩ T-cell clones after early infection critically depends on the levels of viral control that these CD8 ϩ T cells and the other components of the innate and adaptive immune systems are able to achieve.
When comparing short-lived high-avidity HIV-1 epitopespecific CD8
ϩ T-cell clones with long-term-persisting low-avidity clones specific for the same epitope in the same individual during early infection, we observed that these subsets of CD8 ϩ T cells strikingly differ in surface expression of the IL-7 receptor ␣ chain (CD127). IL-7 has recently been identified as a cytokine responsible for the maintenance of antigen-specific CD8 ϩ T cells (26, 34) and their transformation into functional antigen-specific memory responses, a process that appears to be selectively disturbed in chronic HIV-1 infection (44). Our study suggests that the characteristic reduction of CD127 expression (15, 39, 41, 44) on HIV-1-specific CD8 ϩ T cells originates early in early HIV-1 infection and that the early loss of CD127 expression on the highly activated high-avidity CD8 ϩ T-cell clones might codetermine the inability of these clones to persist during the ensuing disease process. Since this analysis was performed with only three study persons, the investigation of factors contributing to the impairment of an effective antigen-specific memory response in chronic HIV-1 infection needs further elucidation in future studies.
In summary, our data suggest that high-avidity CD8 ϩ T-cell clones are recruited early in HIV-1 infection but are subsequently deleted in the presence of high-level viremia, resulting in the persistence of intermediate-to low-avidity CD8 ϩ T cells in chronic infection. Persistence of epitope-specific CD8 ϩ Tcell clonotypes was associated with low viral set points, lower activation levels during early infection, and elevated expression of the IL-7 receptor ␣ chain (CD127). These data provide insight into the mechanisms that govern the recruitment, maintenance, and elimination of HIV-1-specific CD8 ϩ T cells and contribute to the understanding of events leading to the ultimate inability to immunologically control HIV-1 infection.
